Purpose: The purpose of this study was to evaluate the feasibility and technical quality of an abdominal 3-dimensional interpolated breath-hold (volumetric interpolated breath-hold examination [VIBE]) magnetic resonance examination using the new parallel acquisition technique, controlled aliasing in parallel imaging results in higher acceleration (CAIPIRINHA). Materials and Methods: In this institutional review boardYapproved study, 15 volunteers underwent an abdominal magnetic resonance imaging examination including axial unenhanced 3-dimensional VIBE sequences with the conventional parallel acquisition technique, generalized autocalibrating partially parallel acquisitions parallel imaging (GRAPPA), with an acceleration factor (R) of 2, 3, 4, and 2 Â 2 in comparison with a CAIPIRINHA-VIBE sequence with an acceleration factor of 2 Â 2. Images were evaluated regarding the overall image quality, liver edge sharpness, and parallel imaging artifacts. Signal-to-noise ratio was evaluated using 2 different methods. In a second study population, 17 patients were examined with our new routine protocol for abdominal imaging that now comprises VIBE sequences with CAIPIRINHA with R = 2 Â 2. Results: In the volunteer population, the overall image quality of CAIPIRI-NHA with R = 2 Â 2 was significantly higher compared with GRAPPA with R = 3, 4, and 2 Â 2 (P G 0.05). There were significantly less parallel imaging artifacts with CAIPIRINHA with R = 2 Â 2 (P G 0.05). Acquisition time varied between 21.1 (GRAPPA with R = 2, 320 matrix) and 6.9 seconds (CAIPIRINHA with R = 2 Â 2, 256 matrix). Signal-to-noise ratio performance of CAIPIRINHA with R = 2 Â 2 was superior to GRAPPA with R = 3, 4, and 2 Â 2. In the patient population, VIBE sequences with CAIPIRINHA with R = 2 Â 2 showed consistently good image quality, minimal motion artifacts, and minimal parallel imaging artifacts. Conclusions: The CAIPRINHA-VIBE with an acceleration factor of R = 2 Â 2 is feasible in a clinical setting and is characterized by fast and robust imaging with an image quality comparable with a 2-fold acceleration with GRAPPA.
T hree-dimensional gradient-recalled echo (GRE) imaging with uniform fat suppression is currently used for multiphase gadoliniumenhanced imaging of the abdomen and is a critical component of almost all abdominal magnetic resonance imaging (MRI) examinations. 1, 2 However, artifacts caused by (respiratory) motion are one of the major reasons for image degradation, thus potentially obscuring important anatomic structures and lesions. 3 Breath-hold T1-weighted (T1w) volumetric GRE sequences (volumetric interpolated breath-hold examination [VIBE], Siemens; liver acquisition with volume acceleration [LAVA], GE; T1 high-resolution isotropic volume excitation [THRIVE] , Philips) are sequences that allow motion-free acquisition of diagnostic quality images within a single breath-hold period of up to 20 seconds in most patients. Because image quality highly depends on the breath-hold capability of the patients, a short image acquisition time is of paramount importance for clinical body MRI.
In recent years, the partially parallel acquisition (PPA) technique generated great progress in increasing imaging speed. 4Y7 The basic principle of PPA is to use the inherent spatial information of different coil elements of multiple independent radiofrequency receiver coils to reconstruct the image from undersampled raw data. 8 This process substantially reduces the individual scan times, resulting in shorter overall examination times without compromising spatial resolution. Various vendor-specific parallel imaging reconstruction algorithms are available, working either in the image domain such as sensitivity encoding (SENSE) or in the k-space domain such as generalized autocalibrating partially parallel acquisition technique (GRAPPA). 6, 7 Currently, acceleration factors (R) of 2 are preferred clinically at 1.5 T with an acquisition time that is longer than 20 seconds. For abdominal magnetic resonance (MR) angiographic imaging at 3.0 T, acceleration factors of up to 3 might be clinically feasible with an acquisition time of slightly shorter than 20 seconds. 9 , 10 Lee et al 1 and Krinsky et al 11 reported that as many as 7% of patients undergoing hepatic MRI were unable to hold their breath for 15 seconds. Also, Vasbinder et al 12 reported in 2002 that involuntary motion of the diaphragm occurs even in patients during suspended respiration. This random diaphragmatic motion introduced blurring of smaller structures such as the distal renal arteries and was more pronounced with longer breath-hold periods. Therefore, longer breath-hold times always render the images more susceptible for compromised image quality, particularly in patients with diminished breath-hold capacity, such as elderly patients, patients with debilitations, or pediatric patients. The controlled aliasing in parallel imaging results in higher acceleration (CAIPIRINHA) method for volumetric imaging modifies the acquisition pattern and reconstruction to exploit sensitivity variations in the receiver coil array more efficiently, thereby improving the parallel imaging reconstruction procedures used by GRAPPA. 13 The use of CAIPIRINHA may potentially allow one to use higher acceleration factors compared with those used in techniques without this encoding scheme. Currently, no significant data exist that evaluate the differences in image quality and signalto-noise ratio (SNR) of abdominal VIBE sequences acquired with GRAPPA and CAIPIRINHA, respectively. Therefore, our investigation aimed at subjectively and objectively comparing T1w imaging of the abdomen acquired with GRAPPA and CAIPIRINHA by grading the image quality, degree of artifact, and diagnostic value as well as by measuring SNR, respectively.
MATERIALS AND METHODS

Patients
This study contained 2 populations: one consisting of 21 volunteers and the other comprising 17 patients. Among the 21 volunteers, 6 were scanned only for a second SNR analysis and were not included in the subjective image data analysis. The institutional review board waived the requirement of informed patient consent in the retrospective patient population, but information gathered on this population was performed in compliance with Health Insurance Portability and Accountability Act of 1996 guidelines. The institutional review board approved the prospective study of the volunteers, who signed a written consent form before MRI.
The volunteer population consisted of 21 healthy volunteers (mean [SD] age, 46.4 [13.9] years; age range, 24Y79; 14 men and 7 women). All volunteers were assigned to undergo MRI of the abdomen. No specific inclusion criteria were defined. The exclusion criteria were age younger than 18 years and contraindications to MRI (incompatible metal implants, cochlear implants, or pacemakers). After the volunteers signed a formal consent form, none were restricted or excluded from the study. 
Magnetic Resonance Imaging
The imaging was performed on a clinical 3.0-T MR scanner (MAGNETOM Skyra; Siemens Healthcare Sector, Erlangen, Germany), running software versions syngo MR D11D and D13A. An 18-element body matrix coil and the built-in 32-element spine matrix coil were used for signal reception in the volunteers and patients. The patients and the volunteers were positioned in a headfirst supine position.
The protocol included transverse unenhanced 3-dimensional (3D) GRE VIBE sequences with spectral fat suppression (repetition time/echo time, 4/1.9 milliseconds; flip angle, 12 degrees; slice thickness, 3 mm; gap, 0; and number of slices, 72). In the volunteer study, this sequence was acquired with GRAPPA with R = 2, 3, and 4 in the phase-encoding direction, 2-dimensional (2D)YGRAPPA (referred to as GRAPPA with R = 2 Â 2) with R = 4 (2-fold acceleration in the phase-encoding direction and 2-fold acceleration in the partition-encoding direction), and with CAIPIRINHA (referred to as CAIPIRINHA with R = 2 Â 2) with R = 4 (2-fold acceleration in the phase-encoding direction, 2-fold acceleration in the partition-encoding direction, and, in addition, a reordering shift of 1 corresponding to the relative shift of 2 neighboring acquired partition-encoding lines). All sequences were measured with 2 different CAIPIRINHA indicates controlled aliasing in parallel imaging results in higher acceleration; FoV, field of view; GRAPPA, generalized autocalibrating partially parallel acquisitions parallel imaging; GRE, gradient-recalled echo; TE, echo time; TR, repetition time; SPAIR, spectral adiabatic inversion recovery; VIBE, volumetric interpolated breath-hold examination. matrix sizes (320 Â 175 and 256 Â 140) to simulate common clinical settings. The acquisition time varied between 21.1 (GRAPPA with R = 2 Y 320 matrix) and 6.9 seconds (CAIPIRINHA with R = 2 Â 2 Y 256 matrix; Table 1 ). An example of the acquired MR images in a volunteer and acquisition times for the single sequences are depicted in Figure 1 . All sequences were measured twice for a later SNR calculation.
14 Hence, for each volunteer, a total of 20 sequences were acquired.
The patients' protocol included transverse unenhanced and multiphasic contrast-enhanced T1w breath-hold sequences with 3D GRE VIBE technique and spectral fat suppression. All patient studies included CAIPIRINHA with R = 2 Â 2. The contrast-enhanced imaging was performed after injection of the 0.1 mmol/kg of Gd-DOTA (Dotarem; Guerbet, Paris, France) at an arterial phase (20 seconds after the injection), venous phase (40 seconds after the injection), and delayed phase (60 seconds after the injection). In a single patient, 0.25 mmol/kg of gadolinium-ethoxybenzyl-diethylentriamin-pentaacetat (Gd-EOB-DTPA) (Eovist; Bayer, Berlin, Germany) was administered. In this patient, T1w-VIBE sequences with GRAPPA with R = 2 and CAI-PIRINHA with R = 2 Â 2 were acquired during the hepatocyte-specific phase. For image reading, the arterial and venous phases were used.
Image Data Analysis
All image data sets were stripped of the patient and acquisition parameter details and presented in a blinded fashion and in random order to 2 board-certified radiologists with 2 and 8 years of experience in abdominal MRI, who evaluated all images independently using a freely available software (OsiriX DICOM viewer 3.9.4; OsiriX Foundation; Geneva, Switzerland) on a Mac Pro workstation (Apple Inc, Cupertino, CA).
For each data set, each reader independently scored the following parameters of image quality using an ordinal Likert-type scale ranging from 1 to 5, with the highest score indicating the best image quality: overall image quality, liver edge sharpness, hepatic vessel clarity, and, only for the patient population, respiratory motion artifacts (Table 2) . Parallel imaging artifacts were also scored using a 3-point ordinal scale, where 3 represented no artifacts (Table 2) .
Signal-to-Noise Ratio Evaluation
For SNR evaluation, 2 different methods were used. First, the image subtraction method was applied. 15, 16 Therefore, the regions of interest (ROI) were selected manually over 7 anatomical distributions, which are regions mostly chosen because of clinical significance: the right lobe of the liver, the left lobe of the liver, head and tail of the pancreas, the right kidney, the left kidney, and muscle (the left erector spinae muscle). The mean size of the ROI obtained for measurement was approximately 1.5 cm 2 . Using the ROI-enhancement tool of the OsiriX DICOM viewer (OsiriX 3.9.4; The OsiriX Foundation; Geneva, Switzerland), the mean signal intensity within the ROI was numerically visualized. To measure the image noise, noise maps were created by subtracting the 2 repeatedly acquired series. In the yielding subtraction images, only the noise contributed to the image contrast in case of perfectly identical breath-hold positions. The standard deviation of the signal intensity within a region outside the patient's body was determined to be the background noise within the image. Measurements from mean signal intensity and noise were then divided to determine the SNR as follows: SNR = Signal intensity (target tissue)/noise. This process was repeated for all 15 volunteers. Second, for quantification of the SNR, the methods of Robson et al 17 and Wiens et al 18 were integrated into the scanner image reconstruction system. These methods allow the quantification of SNR without detailed knowledge about the actual image reconstruction implementation and without multiple repetitions of the imaging experiment. For the necessary multiple reconstructions, the raw data of each scan and a noise scan were accessible through the scanner system software. Color-coded SNR maps were generated in MATLAB (The MathWorks Inc, Natick, MA).
Statistical Analysis
Statistical analyses were performed using a dedicated statistical software, JMP 9.0 (SAS Institute, Cary, NC). The Shapiro-Wilk W test was used to identify normally distributed data. Statistical significance was investigated with W 2 statistics for categorical variables. Continuous variables are presented as mean (SD) and compared using one-on-one comparisons with either an independent t test for normally distributed data or the Mann-Whitney test for nonnormally distributed data. Ordinal variables (image quality) are presented as median with 25% to 75% interquartile ranges and were compared using the Kruskal-Wallis analysis of variance. P's G 0.05 were considered statistically significant.
RESULTS
Volunteer Population
All measurements could be performed without technical dropouts. Sample images are shown in Figure 1 .
Overall Image Quality
When comparing CAIPIRINHA with R = 2 Â 2 with GRAPPA with R = 2, the median scores showed no statistically significant differences (Table 3) in the overall image quality for a matrix size of 256 Â 140 (P = 0.8). For a matrix size of 320 Â 175, the overall image quality of GRAPPA with R = 2 was significantly higher compared with CAIPIRINHA with R = 2 Â 2 (P = 0.008). When comparing CAIPIRINHA with R = 2 Â 2 with GRAPPA with R = 3, the median scores showed no statistically significant differences in the overall image quality for a matrix size of 320 Â 175 (P = 0.08). For a matrix size of 256 Â 140, the overall image quality of CAIPIRINHA with R = 2 Â 2 was significantly higher compared with GRAPPA with R = 3 (P = 0.0002). The overall image quality of CAIPIRINHA with R = 2 Â 2 was significantly higher compared with GRAPPA with R = 4 (P G 0.0001, P = 0.001) and R = 2 Â 2 (P = 0.004, P = 0.03) for both matrix sizes.
Liver Edge Sharpness and Hepatic Vessel Clarity
For both matrix sizes, liver edge sharpness and hepatic vessel clarity were rated significantly higher with CAIPIRINHA with R = 2 Â 2 compared with GRAPPA with R = 2 (P = 0.0009, P = 0.02), R = 3 (P G 0.0001, P = 0.0003), R = 4 (P G 0.0001, P G 0.0001), and R = 2 Â 2 (P G 0.0001, P G 0.0001).
Parallel Imaging Artifacts
For a matrix size of 256 Â 140, there were significantly more parallel imaging artifacts with GRAPPA with R = 2 compared with CAIPIRINHA with R = 2 Â 2 (P = 0.04). For both matrix sizes, there were significantly more parallel imaging artifacts with GRAPPA with R = 3 (P = 0.0001, P G 0.0001), R = 4 (P G 0.0001, P G 0.0001), and R = 2 Â 2 (P = 0.007, P G 0.0001) compared with CAIPIRINHA with R = 2 Â 2. For GRAPPA with R = 3 and R = 4, parallel imaging artifacts degraded image quality in 50% (30/60, 15 volunteers, 2 matrix sizes, and 2 readers) and 78% (47/60) of all examinations across both readers and both matrix sizes. Figure 2 shows an example CAIPIRINHA indicates controlled aliasing in parallel imaging results in higher acceleration; GRAPPA, generalized autocalibrating partially parallel acquisitions parallel imaging.
of parallel imaging artifact in images reconstructed with GRAPPA with R = 4.
Signal-to-Noise Ratio Analysis
Signal-to-noise ratio values calculated in the 7 anatomical distributions for the volunteer population for a matrix size of 320 Â 175 are depicted in Figure 3 . For both matrix sizes, CAIPIRNHA with R = 2 Â 2 yielded SNR values similar to those of GRAPPA with R = 2 and higher SNR values than those of GRAPPA R = 3 and R = 4, which did not reach statistical significance, though (Fig. 3) . Compared with GRAPPA with R = 2 Â 2, CAIPRINHA with R = 2 Â 2 revealed significantly higher SNR values in all anatomical locations (Table 4) .
According to the methods of Robson et al 17 and Wiens et al, 18 the number of voxels with SNR values more than 15 and more than 30 was significantly higher with CAIPIRINHA with R = 2 Â 2 compared with GRAPPA with R = 4 (P = 0.02) and R = 2 Â 2 (P = 0.02; Fig. 4 ). The number of voxels with SNR values more than 15 and more than 30 was significantly higher with GRAPPA with R = 2 compared with GRAPPA with R = 3, R = 4, R = 2 Â 2 and CAIPIRINHA with R = 2 Â 2. The color-coded SNR maps for all acceleration factors are shown in Figure 5 .
Patient Population
All measurements were diagnostic, and there was no loss in diagnostic value due to technical failure. In the patient population, readers 1 and 2 rated the overall image quality of the dynamic VIBE sequences with CAIPIRINHA with a mean (SD) score of 4.5 (0.5) and 4.4 (0.5), respectively (Table 5 ; Fig. 6 ). Respiratory motion artifacts were mild (5/17 examinations for reader 1, 5/17 examinations for reader 2) or nonexistent (12/17 examinations for reader 1, 12/17 examinations for reader 2) in all examinations. Parallel imaging artifacts were nonexistent (7/17 examinations for reader 1, 12/17 examinations for reader 2) or slightly present without degrading image quality (10/15 examinations for reader 1, 5/15 examinations for reader 2) in all examinations. In the single patient who had received Gd-EOB-DTPA, the hepatocyte-specific images revealed a sharper delineation of fine anatomic structures such as the cystic duct or the hepatic vessels (Fig. 7) .
DISCUSSION
Artifacts caused by respiratory motion are one of the major reasons for image degradation in dynamic contrast-enhanced imaging of the abdomen. A novel approach to minimize the impact of respiratory motion is to use a radial k-space sampling scheme, which allows a free-breathing contrast-enhanced multiphase liver MRI with acceptable image quality in patients who are not capable of holding their breath. 19, 20 A more conventional approach is to shorten image acquisition time. The development of multicoil receiver hardware and dedicated parallel MRI reconstruction methods such as SENSE and GRAPPA allowed for significant decrease in acquisition times in almost all clinical applications. 6, 7 Partially parallel acquisition operates by reducing the amount of data necessary to form an image. In the cartesian k-space reordering, this is usually accomplished by undersampling the k-space uniformly (eg, skipping every other phase-encoding line), resulting in the so-called aliasing artifacts in the image domain. By means of dedicated reconstruction algorithms such as GRAPPA, an unaliased image can be reconstructed at the cost of a decreased SNR. Unfortunately, the PPA concept is intrinsically associated with an SNR loss compared with a fully sampled k-space. In conventional 2D clinical imaging, parallel imaging today is still restricted to relatively moderate scan time reductions (acceleration factors of 2 to 3) because of intrinsic limitations in the coil sensitivity variations along 1 phase-encoding direction (1-dimensional parallel imaging). 9, 21 In 3D imaging, parallel encoding can be performed in 2 encoding directions (2D parallel imaging), thereby using the sensitivity variations in both directions, as was demonstrated in, for example, 2D SENSE 22 and 2D GRAPPA. 23, 24 These concepts have been shown to significantly improve the reconstruction conditions, allowing for higher accelerations of the acquisition. However, both techniques require sufficient sensitivity variations in both encoding directions for successful image reconstruction and therefore depend on the underlying coil geometry. Typically, at higher acceleration factors, the coil sensitivity differences are least pronounced in the image center, resulting in artifacts at this specific location. The coil geometry also influences the resulting SNR in images acquired with PPA techniques. The resulting SNR in parallel imaging can be calculated by dividing the SNR without parallel imaging by the product of the square root of the acceleration factor multiplied with the g-factor, which is influenced by the coil setup and the acceleration algorithm. 25 The CAIPIRINHA in volumetric parallel imaging extends conventional techniques such as GRAPPA and SENSE by an additional shift of neighboring acquired partitionencoding lines so that a checkerboard such as k-space sampling can be achieved. Through this generalization, it allows choosing the total acceleration factor more flexibly and to optimize the sampling pattern with respect to the coil configuration, object shape, and the resulting g-factor distribution as well as residual artifacts. Initial studies in phantoms could prove that CAIPIRINHA revealed a lower g-factor than comparable acceleration factors of GRAPPA. 26 This lower g-factor of CAIPIRINHA acquisitions explains the relatively high SNR of our volunteer measurements with CAIPIRINHA with R = 2 Â 2 compared with the conventional GRAPPA. The initially chosen approach for measuring the SNR, the so-called subtraction method, showed unexpectedly high SNR values in the CAIPIRINHA measurements. To double-check these results, the second approach for measuring the SNR was implemented. The hereof-derived data demonstrated that the SNR performance of CAIPIRINHA with R = 2 Â 2 is, as expected, inferior to GRAPPA with R = 2 but superior to GRAPPA with R = 3, R = 4, and R = 2 Â 2. Our results also demonstrated that T1w 3D examination of the abdomen is feasible with CAIPIRINHA with R = 2 Â 2 not only in the volunteers but also in the patients. With CAIPIRINHA, acquisition times shorter than 10 seconds could have been achieved, which is a tremendous advantage, especially for elderly patients, who are not able to suspend their breath sufficiently. Vasbinder et al 12 reported in a study in 2002 the presence of significant near-linear craniocaudal renal motion despite sustained breath-holding during 3D renal magnetic resonance angiography. The authors stated that, for an average patient, a scan time shorter than 13 seconds would be required. Reducing scan time by increasing the acceleration factor currently seems to be the best solution for reducing the detrimental effects of this motion. With CAIPIRINHA, an acceleration factor of R = 2 Â 2 is applicable, which allows one to stay below the threshold of 13 seconds and to potentially minimize renal motion. In the volunteer population, the overall image quality is similar to that of images reconstructed with GRAPPA with R = 2 and significantly better compared with the images reconstructed with GRAPPA with R = 4 and R = 2 Â 2. Liver edge sharpness and hepatic vessel depiction were rated significantly higher with CAIPIRINHA with R = 2 Â 2 compared with GRAPPA with R = 2, R = 3, R = 4, and R = 2 Â 2 for both matrix sizes. Because the matrixes of the GRAPPA with R = 2, 3, 4, 2 Â 2 and CAIPIRINHA with R = 2 Â 2 were the same, the sharpness and delineation of anatomical structures should be similar for both acceleration techniques. In fact, the images with CAIPIRINHA with R = 2 Â 2 proved to be superior compared with the images with GRAPPA with R = 2, 3, 4, and 2 Â 2. This finding can be explained by the minimization of motion artifacts that can even occur during suspended breathing: involuntary diaphragmatic motion and cardiac motion. 12 It is noteworthy that these differences in liver edge sharpness were encountered in the volunteer part of the study. All volunteers were able to hold their breath for the required measurements in contrast to the patients, wherein particularly elderly patients or patients with severe illness are even not able to hold their breath. In the patient population, dynamic VIBE images reconstructed with CAIPIRINHA with R = 2 Â 2 showed consistently good image quality as well as minimal motion artifacts and parallel imaging artifacts. These initial results are encouraging because they demonstrate FIGURE 6. Thin maximum intensity projection of the contrast-enhanced T1w 3D VIBE images reconstructed with CAIPIRINHA (R = 2 Â 2). A, Axial image shows an excellent image quality with a good spatial resolution and delineation of the peripheral branches of the arteria hepatica. B, Coronal reformatted images. 
